INTRODUCTION
After the introduction of West Nile virus (WNV; Flaviviridae: Flavivirus) into the northeastern United States in 1999, numerous studies were conducted to define vector and host associations in that region. Culex (Culex) mosquitoes, primarily the northern house mosquito Cx. pipiens and Cx. restuans, Cx. salinarius, and Culiseta melanura were implicated as vectors based on virus detection, [1] [2] [3] vector competence experiments, [4] [5] [6] and host-feeding preferences. 7, 8 As WNV spread into the western United States, Cx. tarsalis emerged as an important vector in rural areas. 9 Birds, particularly passerine species, are the primary vertebrate amplifying hosts of WNV. 10 Cx. pipiens, which feeds predominately on birds, serves as the main enzootic/epidemic vector of WNV in the northeastern United States and urban areas throughout its range. 9 Cx. restuans, which also feeds predominantly on birds, 7, 8 is most abundant during late spring and early summer in the northeast and thus, may be more important in early-season amplification of WNV than transmitting virus to humans. 2 Cx. salinarius, which feeds on mammals as well as birds, 8 likely serves as a source of infection for humans and equines. 2 Prior research indicated that Cx. pipiens and Cx. restuans may be collected more readily from traps placed in the forest canopy than traps placed closer to ground level. 11, 12 This difference may be because of female mosquitoes selectively seeking avian hosts in the canopy, optimal microenvironmental conditions, or other factors.
In the southern United States, potential WNV vectors include species also incriminated in the north (e.g., Cx. restuans, Cx. salinarius, and Cs. melanura). Additional vectors in this region include the southern house mosquito, Cx. quinquefasciatus, and Cx. nigripalpus, both known vectors of Saint Louis encephalitis virus (SLEV; Flaviviridae: Flavivirus). [13] [14] [15] Studies in northern Florida conducted during 2001 in response to the initial discovery of WNV in that state identified the virus in each of these species, except Cx. restuans, 16 and transmission of the virus by Cx. nigripalpus to a chicken in a baited trap was shown. 17 Despite these studies, a number of questions remained concerning the pattern of transmission that WNV would take in the southern United States, such as the precise roles of different mosquito species in enzootic, epizootic, and epidemic transmission, the habitats that would be most favorable to WNV maintenance by enhancing vector-amplifier host contact, and the effect of an extended transmission season because of milder climatic conditions in the Gulf Coast states.
During the summer of 2002, an outbreak of WNV disease occurred in St. Tammany Parish in southeastern Louisiana. Forty cases with four deaths were recorded, with most cases occurring between June and early August. 18 Entomologic surveys conducted during this outbreak incriminated Cx. quinquefasciatus as the main vector, with Cx. salinarius possibly acting as a secondary vector.
in southeastern Louisiana. The parish is 2,220 km 2 in size (24% water), with 191,268 residents according to the 2000 census (http://quickfacts.census.gov/qfd/states/22/22103.html). Seven sites were selected to represent a variety of habitats occurring in the parish (Figure 1 ). These sites were historically used for surveillance by the St. Tammany Parish Mosquito Abatement District (STPMAD). Site 190 is situated in a forest fragment at an elevation of 0.68 m, is frequently flooded, is adjacent to commercial and industrial development, and was characterized by loblolly pine (Pinus taeda), red maple (Acer rubrum), and live oak (Quercus spp.). KEL is a brackish marsh/loblolly pine forest ecotone adjacent to the north shore of Lake Ponchartrain at 0.37 m. FBP is located within a loblolly pine, slash pine (P. elliottii), and water oak (Q. nigra) forested area on the north shore of Lake Ponchartrain at 2.10 m. BFD is a swampy patch dominated by water tupelo (Nyssa aquatica) and water oak located in a low-lying residential area at 1.06 m adjacent to the Tchefuncte River. STP is a slash pine plantation at 10.56 m subject to periodic flooding. OWE is located at 9.06 m in a wooded low-density residential neighborhood characterized by slash pine, swamp bay (Persea palustris), and water tupelo. FJR is an upland site found at 15.40 m with sparse residential development and forest dominated by loblolly pine, Yaupon holly (Ilex vomitoria), and water oak.
Mosquito collection and virus testing. Mosquitoes were collected for one night per week from July 16, 2002 to November 30, 2004 . To sample mosquitoes in the canopy as well as at ground level, two dry ice-baited Centers for Disease Control and Prevention (CDC) miniature light traps were placed at each site, with one trap at 1.5 m (down trap) and one trap at 6 m above the ground (up trap). One gravid trap baited with a fish oil emulsion (Alaska Fish Fertilizer, Alaska Fish Fertilizer Co., Renton, WA; 59 mL in 6.8 L tap water and incubated for 3 days at ambient outdoor temperature) 18 was also placed at each site to sample Cx. quinquefasciatus. Traps were set out in the late afternoon and retrieved the next morning. Collections were identified to species and sorted into pools of 50 specimens by collection site, date, and trap type and height. For logistical Figure 1 . Location of study sites in St. Tammany Parish in southeastern Louisiana.
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reasons, 500 individuals of each species from each trap and date were pooled for virus testing; the remaining mosquitoes were counted and discarded.
For WNV testing, mosquito pools were placed into 2.0 mL microcentrifuge tubes (Axygen Scientific, Union City, CA) and shipped on dry ice to the CDC Laboratory at Fort Collins. Pools were triturated using a Mixer Mill MM300 (Qiagen, Valencia, CA) 22 and tested for virus by Vero cell plaque assay in six-well plates using a double agar overlay as previously described. 23 Each pool was also tested by TaqMan reversetranscriptase polymerase chain reaction (RT-PCR) using WNV-specific primers. 22, 24 Statistical analysis. To assess the effects of study factors (year, collection site, and trap height) on mosquito abundances and infection rates, generalized linear models (GLMs) were fit using the function glm in Spotfire S+ (version 8.1; TIBCO Software, Inc., Palo Alto, CA). Because overdispersion was present, collection counts were modeled according to a negative binomial distribution (MASS library), whereas infection rates were assumed to follow a binomial distribution conditional on collection counts. Analysis of deviance was used to determine the significance of main effects and interactions. Confidence intervals (CIs) for the desired comparisons were computed using the multicomp function using Sidak's method to adjust for multiple comparisons. WNV infection rates were calculated as the maximum likelihood estimate (MLE) with 95% CI. 25, 26 
RESULTS
General results. A total of 379,466 mosquitoes representing 41 species was collected and identified (Table 1) . Cx. salinarius represented 56% of the total collected followed by Cx. nigripalpus (11%), Aedes atlanticus/tormentor (6%), Anopheles crucians s.l. (5%), Cx. erraticus (5%), Ae. vexans (4%), Ae. canadensis canadensis (2%), and other species in lesser numbers. Cx. quinquefasciatus comprised only 1% of the mosquitoes collected. In addition, 40 female Cx. coronator, a species recently recognized in Louisiana, 27 were collected by CDC light traps at five sites.
The relative abundance of the five most commonly collected species as a proportion of total mosquitoes collected at each study site is shown in Figure 2 . These five species constituted between 67.5% (at FJR) and 96.4% (at KEL) of the total mosquitoes collected at each site. Cx. salinarius was the most abundant species at the two sites closest to Lake Pontchartrain, KEL rates per 1,000 mosquitoes ranged from 0.03 for Cx. salinarius to 2.47 for Cs. melanura. WNV activity was detected at each site except FBP, which is located on the shore of Lake Pontchartrain. The number of positive pools obtained from a site ranged from three pools from site 190 to nine pools at site OWE. Overall, 30 positive pools were obtained from light traps, and 2 positive pools were obtained from gravid traps ( Table 2 ).
In the following sections, data on a variety of potentially important mosquito species are presented. However, the primary focus is on Cx. nigripalpus because of its high relative abundance at all trap sites and the large number of WNVpositive pools detected in that species.
Season and year effects. Thirty-one of thirty-two WNVpositive pools were from mosquitoes collected from July to (Table 3) . Among individual sites, only FJR has significantly more Cx. nigripalpus in up traps than down traps during all 3 years of the study. Non-significant differences in up versus down trap abundance were consistently seen at 190, FBP, and OWE, whereas the remaining sites had significant differences in abundance during 1 year of the study. Only 1 site, KEL, had significantly more Cx. nigripalpus in down traps and that occurred only in 2003. Twenty-one of thirty-two WNV-positive pools from all species came from up traps, including seventeen of twenty-three Cx. nigripalpus-positive pools (Table 2) . Two positive pools, Cx. salinarius and Cx. spp., were obtained from gravid traps. Generally, similar numbers of positive pools were obtained from up and down traps at each site, except at STP, where seven of eight (88%) positive pools came from up traps (Table 4) . Overall, more than two times as many positive pools were obtained from up traps (21/32, 66%) than down traps (10/32, 31%). When the combined infection rates (IRs) of Cx. nigripalpus collected during 2003 from all down traps were compared with the combined IRs of all up traps, the up trap IR was significantly higher (up/down ratio = 2.9, 95% CI = 1.1-7.1, P = 0.025) (Figure 4) . Within individual sites, however, there was no difference in IR between up and down traps.
DISCUSSION
During this study, we detected WNV in 4 of 41 mosquito species tested, including Cx. nigripalpus, Cx. salinarius, Cx. erraticus, and Cs. melanura; 26 of 32 WNV-positive pools identified were from members of the Cx. (Culex) subgenus, Cx. nigripalpus, and Cx. salinarius, but virus was not detected in Cx. quinquefasciatus or Cx. restuans. Virus activity occurred at six of seven study sites, which varied from forest and brackish marsh adjacent to Lake Pontchartrain to upland forest in the east-central portion of the parish. More WNV-positive pools were detected at inland sites than the sites near the lake. [1] [2] [3] 28 Moreover, the analysis resulted in several important findings pertinent to WNV vector ecology and control in Louisiana: (1) Cx. quinquefasciatus may not be an important WNV vector in rural areas of St. Tammany Parish, (2) Cx. nigripalpus is potentially an important enzootic/epizootic vector, but it varies with its seasonal abundance, and (3) trap elevation is important for detecting WNV-infected mosquitoes.
Cx. quinquefasciatus, the southern member of the Cx. pipiens complex, plays a role in WNV transmission analogous to the role of Cx. pipiens in the north 18, 19, 29, 30 and Cx. pipiensquinquefasciatus hybrids in the middle latitudes of the United Figure 4 . Ratios of WNV infection rates in Cx. nigripalpus collected in dry ice-baited CDC light traps set at 1.5 and 6 m above the ground expressed as a point estimate with 95% CIs within parentheses. Where CIs include the value 1.0, infection rate differences between traps heights are not significant.
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States. [31] [32] [33] [34] In St. Tammany Parish during the 2002 outbreak, Cx. quinquefasciatus was the primary enzootic/epidemic vector, with Cx. salinarius as a possible secondary vector. 18, 19 Similarly, in East Baton Rouge Parish (EBRP),~100 km west of St. Tammany Parish, Cx. quinquefasciatus is the species most frequently found infected with WNV. 35, 36 In contrast to our finding that Cx. quinquefasciatus represented only 1% of mosquitoes that we collected, this species was the most abundant one collected in the two components of the EBRP study, comprising 41% and 85% of total mosquitoes. 36 A likely reason for this difference is that many of the EBRP collection sites were located in urban and suburban areas where WNV activity had previously been detected.
Several studies have indicated that Cx. quinquefasciatus feeds more readily on mammals, particularly in urban settings, than Cx. pipiens, which would enhance its potential as a vector to humans and other mammals. [37] [38] [39] In EBRP, human DNA was detected in only 7% of identified Cx. quinquefasciatus blood meals, but this result, combined with a high percentage of blood meals taken on known avian amplifier hosts, indicated a primary role for this species as an enzootic and epidemic vector. 40 Because Cx. quinquefasciatus was not commonly collected, our results may be most pertinent to understanding enzootic transmission of WNV in rural areas with a paucity of primary vectors such as Cx. quinquefasciatus. The large year-to-year variation in the number of WNV-infected pools detected at our study sites ( These ditches, which contain the treated effluent from residential septic tanks and filter beds, are the main producers of Cx. quinquefasciatus in the parish. Although these ditches are located in both suburban and rural areas of the parish, none were located near our study sites. The fact that we did not obtain any WNV-positive pools from this species may reflect the relatively small numbers tested or reduced levels of virus amplification in areas where Cx. Cx. nigripalpus was the second most commonly collected species, and it was among the three most abundant species collected at all seven sites. This species is the primary vector for SLEV in southern Florida, 14, 15 and WNV was isolated from this species in northern Florida in 2001, the first year that the virus was detected in that state. 16, 17 Eight isolates of WNV were obtained during 2005 from Cx. nigripalpus collected in chicken-baited lard can traps placed at three widely dispersed sites in Florida. 41 This study also noted a low rate of WNV transmission to the chickens restrained within the traps, despite seven of eight virus-positive pools containing only blooded females, a finding that corroborates previous work. 17 Vitek and others 41 speculate that the lack of virus dissemination within the infected mosquitoes may be responsible for the low transmission rate, but their experimental protocol did not allow them to test this idea. 41 In southern Florida, onset of human cases and the appearance of anti-WNV antibodies in sentinel chickens are temporally and spatially associated with prior cycles of drought and moisture in a manner similar to that seen with SLEV, thus providing strong evidence that Cx. nigripalpus transmits WNV in that area. 42 However, the involvement of Cx. nigripalpus in the WNV transmission cycle in other areas across its geographic range is unclear.
Our data show that Cx. nigripalpus can maintain enzootic or epizootic WNV activity during a transmission season. quinquefasciatus were captured through October when Cx. nigripalpus populations began increasing. However, 2002 was an epidemic year, and WNV disease case numbers dropped sharply after July. 18 The STPMAD did not detect positive Cx. quinquefasciatus pools after July, 18 and a separate investigation conducted from August 3 to 15 19 did not detect viruspositive mosquito pools after August 10. This finding suggests that virus transmission in 2002 had subsided well before Cx. nigripalpus abundance began to peak, although serologic conversions in sentinel chickens continued at a low level into November. Because WNV-infected birds are viremic for 1 week or less, 9 the later emergence of Cx. nigripalpus, as seen in 2002 and 2004, would reduce the likelihood that hostseeking females would take an infectious blood meal. This hypothesis assumes that Cx. quinquefasciatus was the primary species involved in WNV amplification during 2003 and that the seasonal abundance peaks that we observed in this species were representative of areas within the parish where Cx. quinquefasciatus populations are larger and virus transmission by this species occurred.
Studies conducted in EBRP during 2002-2004 reached similar conclusions, suggesting that the role of Cx. nigripalpus in enzootic amplification of WNV may be limited by its seasonality of host-seeking and the high percentage of mammalian blood meals taken by this species. 40 In this study, Cx. nigripalpus was not seen in light traps before July, and 66% of identified blood meals were from mammalian sources (2.7% from humans). A shift in Cx. nigripalpus seasonality was also associated with increased SLEV transmission in northern Florida, an area where extensive activity of this virus is not typically seen. 43 Additional longer-term studies are needed to more rigorously test the association between Cx. nigripalpus seasonality and vector status.
Infection rates during 2003 were significantly higher in Cx. nigripalpus from up traps than down traps when collections from all sites were combined but not from individual sites. This result is likely because of smaller sample sizes at individual sites yielding broad overlapping CIs in statistical analyses. Moreover, Cx. nigripalpus was as likely to be col- 36 suggesting that this difference in trap height was not significant for hostseeking females. In Connecticut, significantly more Cx. pipiens and WNV isolates were obtained from traps placed in the canopy than near the ground, and significantly more Cx. pipiens and WNV isolates were obtained from traps placed in catch basins than at ground level. [44] [45] [46] In similar height studies on Cx. pipiens-quinquefasciatus hybrids using chicken-baited can traps in Memphis, Tennessee, all WNV-positive specimens were collected from traps at the highest elevations, 4.6 and 7.6 m, and IR differences between heights were marginally non-significant. 33, 34 In Connecticut, parity dissections of Cx. pipiens captured in the canopy and catch basins revealed that 61% of females in the canopy were nulliparous and probably host-seeking, whereas 87% of females in the catch basins either contained eggs or were parous, indicating that they had previously fed and oviposited or were seeking a site for oviposition. 45 These results and the results of other studies 47, 48 suggest that collection of the important WNV vector species and detection of WNV may be done more efficiently by trapping in the tree canopy rather than or in addition to placing traps closer to the ground.
Cx. salinarius comprised 56.2% of the mosquitoes that we collected, and 81% of those mosquitoes came from one site (KEL) located adjacent to a brackish marsh at the edge of Lake Pontchartrain. Although Cx. salinarius was the most abundant species collected during our study, we obtained only three WNV-positive pools from this species. This species was most abundant in our study during the winter, spring, and autumn months, with the summer months being the period of lowest abundance. Because Cx. salinarius feeds readily on both birds and mammals, 7, 49, 50 it would seem well-positioned to play a role in both enzootic and epidemic transmission of WNV. In a 5-year study conducted in Connecticut, WNV was isolated from 32 pools of Cx. salinarius collected from 1999 to 2003. 28 However, environmental factors may limit contact between Cx. salinarius and infected birds. Cx. salinarius was most abundant at the sites closest to Lake Pontchartrain, KEL and FBP (519.2/TN and 78.3/TN, respectively), but these two sites did not yield as many WNV-positive pools from all mosquito species (KEL = 4, FBP = 0) as the inland sites (STP = 8, OWE = 9, FJR = 6). Analysis of a subset of our 2003 data indicated that infection rates in Culex mosquitoes were inversely associated with the percentage of wetland cover at study sites 20 and that this association is likely because of a lower ratio of WNV-competent to -incompetent birds in intact wetland areas, which would dampen virus amplification. 21 Sites KEL and FBP are located in large wetland areas and had the highest proportions of WNV-incompetent species. 21 In contrast, in EBRP, the proportional abundance of Cx. salinarius was much lower, 2% of total mosquitoes trapped, but seven WNVpositive pools were detected. 36 The likely explanation for this result is that~50% of avian blood meals identified in engorged Cx. salinarius were from passerine species, 40 two of which, the northern cardinal (Cardinalis cardinalis) and the northern mockingbird (Mimus polyglottos), are competent WNV amplifier hosts. 51 Among the potential mechanisms advanced to explain WNV overwintering is continued low-level transmission between mosquitoes and birds. 52 36, 53 The WNV-positive pool that we detected in March was associated temporally with a relatively large spike in the abundance of Cx. restuans at four of our study sites. Although we did not detect WNV in Cx. restuans, this species was implicated as an early-season vector in the northeastern United States. 2 Thus, it is possible that the spike in Cx. restuans abundance in St. Tammany Parish initiated a brief cycle of WNV amplification in birds that led to a spillover of virus into species that are not generally considered important WNV vectors. Alternate explanations of virus detection in mosquitoes during winter include survival of mosquitoes infected during the fall or vertical transmission of virus. The former would require survival of infected mosquitoes for many months in a metabolically active state, whereas the latter mechanism has not been confirmed in Cx. erraticus.
In EBRP, Cx. restuans was implicated as an important early-season vector of WNV, because 10 virus-positive pools of this species were detected along with 4 positive pools of Cx. erraticus, all collected during March and April of 2003. 36 Interestingly, during the EBRP study, WNV was also isolated from numerous pools of floodwater Aedes species and Ps. ferox, Anopheles species, and Coquillettidia perturbans collected during March and April of 2003. These isolations from presumably non-vector species are, perhaps, indicative of the high level of WNV transmission that occurred during the epidemic of 2002 in southeastern Louisiana and the higher relative abundance of Cx. quinquefasciatus at EBPR study sites compared with our sites. In the mid-southern United States, WNV was most frequently detected during multiple years in Cx. erraticus and Cx. salinarius, including two viruspositive pools of overwintering Cx. erraticus collected in February and March of 2005, indicating that these species may be important vectors in that region. 54 Culex erraticus feeds predominantly on mammals, but will also feed on birds. 32, 49 Studies conducted in Tennessee showed that avian blood meal hosts of Cx. erraticus included American robins (Turdus migratorius), common grackles (Quiscalus quiscula), house finches (Carpodacus mexicanus), and Carolina wrens (Thryothorus ludovicianus). 32, 55 Robins, grackles, and house finches are effective amplifier hosts of WNV 9 and yearround or winter residents in southern Louisiana. 55 Serologic evidence of infection with WNV was obtained from Carolina wrens and common grackles captured in St. Tammany Parish in 2002. 56 Although we collected only 811 Cs. melanura during our study, we identified WNV in two pools from August of 2003, and this species had the highest overall WNV infection rate. Cs. melanura is the primary enzootic vector of eastern equine encephalitis virus in the United States. 57 Studies of Cs. melanura host preferences have shown that~90% or more of blood meals are taken from birds, 8, 58, 59 with a small percentage taken from mammals. Thus, this species may play a role in the avian amplification cycle of WNV and potentially transmit the virus to humans or other mammals.
Our investigation has several potential limitations. From mid-December to early January each year, mosquito collections were not performed, and from early January to midFebruary of 2004, trapping was intermittent. Also, during all 3 years but especially in 2002, intensive aerial and groundlevel adulticiding was conducted throughout the parish. This activity is likely responsible for some of the fluctuations in mosquito abundance seen during the spring to fall time period each year. However, records of adulticiding in the vicinity of our trap sites were not available for analysis. Finally, when 500 individuals of a species were present in a trap, only 500 were pooled for virus testing. Because there was no obvious selection bias in choosing specimens for virus testing, we feel that the results obtained (the IR) are representative of those specimens not tested.
Despite these possible limitations, our study resulted in several important findings. In areas of the southern United States where Cx. quinquefasciatus populations are small or absent, enzootic WNV transmission may be maintained by Cx. nigripalpus. However, the contribution of Cx. nigripalpus to enzootic maintenance in a given year may fluctuate with variations in its seasonal abundance: more effective in years when populations peak during mid-summer but less effective when populations peak during the fall. Cx. salinarius, although numerous and possessing host preference characteristics that would make it an effective enzootic or epidemic vector, did not contribute significantly to WNV transmission at our study sites. Cs. melanura probably contributes to the amplification of WNV in avian hosts. WNV transmission can occur year-round in southern Louisiana, and Cx. erraticus may assist in virus overwintering. Our findings have implications for effective surveillance and control of WNV vectors in this region. Because Cx. quinquefasciatus is the vector of primary importance in urban and suburban areas of St. Tammany Parish, larval and adult control measures should continue to focus on that species. Monitoring of Cx. nigripalpus abundance in suburban and rural areas may also be useful to detect its early summer appearance and the possibility of enhanced enzootic WNV transmission. In addition, trapping of Cx. nigripalpus in the tree canopy may be a more sensitive indicator of virus activity than trapping closer to the ground. Additional research should be conducted to determine if targeted control against this species is warranted in efforts to prevent WNV transmission.
